Abstract. Dracorhodin perchlorate (DP) has recently been revealed to induce apoptosis in various types of cancer. However, the antitumor potential and molecular mechanisms of DP in human lung cancer have not been previously reported. Therefore, the present study aimed to investigate the effects of DP on cell viability, the cell cycle and apoptosis, using an MTT assay, flow cytometry and western blot studies. DP was identified to induce cellular and DNA morphological changes, and decreased the viability of SK-MES-1 human lung squamous carcinoma cells. DP significantly inhibited the growth of SK-MES-1 cells by inducing apoptosis and G 1 /G 0 cell cycle arrest in a dose-dependent manner via activation of p53 (P<0.05). Furthermore, DP promoted the significant upregulation of B cell lymphoma-2 (Bcl-2)-activated X protein and significant downregulation of Bcl-2 (P<0.05), inducing dissipation of the mitochondrial membrane potential (MMP). In addition, caspase-3 was activated by DP via the cleavage of its substrate, proteolytic cleavage of poly(ADP-ribose) polymerase. DP also induced caspase-independent apoptosis by significantly increasing the protein expression of the apoptosis-inducing factor (P<0.05), which is localized in mitochondria under the physiological conditions and released into the cytoplasm when MMP is dissipated. Furthermore, the present study demonstrated that DP significantly increased the generation of reactive oxygen species (P<0.05). In conclusion, the current study revealed that DP is able to induce cell cycle arrest and apoptosis in SK-MES-1 cells via activation of the mitochondrial pathway, indicating that DP may be a potential leading compound for the development of future lung cancer therapeutic regimes.
Introduction
Lung cancer, the most common type of malignant carcinoma, is the leading cause of cancer-associated mortality worldwide (1) . Despite the availability of various therapeutic strategies, chemotherapy plays a major role in the treatment of lung cancer (2) . Thus far, alternative strategies to chemotherapy have not resulted in significant improvement in the survival rate of postoperative patients with lung cancer. Therefore, the development of novel agents with selectivity against critical apoptotic targets may provide a rational approach to the treatment of cancer. Over the last decade, an abundance of pharmacological evidence regarding the anticancer properties of conventional natural Chinese products has been obtained (3, 4) . A number of these anticancer agents have exerted their therapeutic action by inducing apoptosis in human malignant cells (5) (6) (7) .
Dracorhodin perchlorate (DP) is a synthetic analogue of the anthocyanin red pigment dracorhodin, a major constituent of traditional Chinese medicine, 'dragon's blood̓ (also known as Daemonorops draco) (8) (9) (10) . A previous study demonstrated that DP inhibited the activation of the phosphoinositide 3-kinase/Akt and nuclear factor-κB signaling pathways, and upregulated the expression of p53 in gastric cancer cells (11) . Furthermore, DP was found to inhibit cell growth and trigger apoptosis in melanoma and breast cancer cells (12, 13) . In addition, DP induced apoptosis through the caspase pathways and generated reactive oxygen species (ROS) in cervical cancer cells (14) . However, the effect of DP on human lung cancer cells has yet to be reported.
Apoptosis is a type of programmed cell death that occurs in multicellular organisms, and mitochondrial dysfunction is considered to be the central executioner of the apoptosis pathway. Mitochondrial membrane permeability is regulated by various proteins, including p53, B cell lymphoma-2 (Bcl-2) and Bcl-2-activated X protein (Bax) (15, 16) . Depolarization of the mitochondrial membrane potential (MMP) stimulates mitochondria to release apoptosis-inducing factor (AIF) and various other proapoptotic molecules that eventually result in the activation of caspase-3 (17, 18) . Thus, AIF and caspase-3 are able to trigger chromatin condensation and DNA degradation in order to induce programmed cell death.
The present study aimed to examine the possible inhibitory effect of DP and the mechanism of DP-induced apoptosis in SK-MES-1 lung cancer cells.
Materials and methods

Materials.
The human lung squamous carcinoma cell line, SK-MES-1, was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). DP, which was purchased from the Tonglian Pharmaceutical Co., Ltd. (Shanghai, China), was dissolved in dimethyl sulfoxide (DMSO; Shengong Biotechnology Co., Shanghai, China) to make a stock solution. Furthermore, fetal bovine serum (FBS) was purchased from Gibco Life Technologies (Carlsbad, CA, USA Cell culture and treatments. SK-MES-1 human lung squamous carcinoma cells were cultured in DMEM supplemented with 10% FBS and maintained at 37˚C in a 5% CO 2 humidified atmosphere. Cells were treated with DP dissolved in DMSO with a final DMSO concentration of 1%. DMSO-treated cells were used as the controls in all the experiments. The DMSO concentration was maintained at a concentration of <0.01% in all the cell cultures and did not exert any detectable effect on the rate of cell growth or death.
Cell growth inhibition assay. The inhibition of cell growth was determined by performing an MTT assay, as previously described (13) . Briefly, SK-MES-1 cells were seeded in 96-well plates at a density of 1x10 4 cells/well, and treated with various concentrations of DP (0, 10, 20, 40, 80 and 160 µM) for 24 h. Following treatment, the MTT reagent was added (100 µl/ml) and the cells were incubated at 37˚C for an additional 4 h. Next, 150 µl DMSO was added to dissolve the formazan crystals and absorbance was read in a microplate reader (Varioskan Flash; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at a wavelength of 570 nm. The viable cell number was directly proportional to the production of formazan. The growth assay was repeated three times and the half maximal inhibitory concentration (IC 50 ) values were calculated using GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). The percentage of inhibition was calculated as follows: Inhibitory ratio (%) = (A control / A sample )/A control x 100%, where A sample and A control are the absorbance values of the treated and control groups, respectively, following incubation.
Flow cytometric cell cycle analysis. A PI cell cycle detection kit (PI + RNase A) and flow cytometry were used for cell cycle analysis. Briefly, SK-MES-1 cells were seeded in a 6-well plate at a density of 6x10 5 cells/well and treated with DP at concentrations of 0, 40 and 80 µM. Following treatment for 24 h, the cells were harvested and fixed in 500 µl 70% ice-cold ethanol at 4˚C for 2 h. Next, the samples were washed with phosphate-buffered saline (PBS), and incubated with RNase A and PI staining solution, according to the manufacturer's instructions. Subsequent to staining, the samples were analyzed by performing flow cytometry (EPICS ® XL™; Beckman Coulter, Brea, CA, USA).
Flow cytometric apoptosis analysis using Annexin V-FITC/PI
staining. SK-MES-1 cells were seeded in a 6-well plate at a density of 3x10 5 cells/well and treated with DP at concentrations of 0, 40 and 80 µM. Following treatment for 24 h, the cells were collected and washed with PBS. Subsequently, the apoptotic cell death rate was examined by performing Annexin V-FITC and PI double-staining using the Annexin V-FITC apoptosis detection kit, according to the manufacturer's instructions. After staining with Annexin V-FITC/PI, the samples were analyzed using flow cytometry.
Nuclei fragmentation observed by Hoechst 33342 staining.
To visualize apoptotic cell death and nuclear morphology, SK-MES-1 cells were stained with Hoechst 33342. Briefly, SK-MES-1 cells were seeded into a 6-well flat bottom plate at a density of 6x10 5 cells/well and treated with DP at concentrations of 0, 40 and 80 µM. Following treatment for 24 h, the cells were collected, washed and allowed to dry on slides. Subsequently, the nuclei were stained with Hoechst 33342 for 10 min and the apoptotic cells displaying fragmented or condensed nuclei were observed under a fluorescence microscope (BH2-RFL-T3; Olympus Corporation, Tokyo, Japan).
Western blot analysis.
To determine the underlying mechanism of the apoptotic effect of DP, western blot analysis was performed for a number of apoptosis-associated proteins. First, SK-MES-1 cells were seeded in a 10 cm culture dish at a density of 60%, treated with DP at concentrations of 0, 40 and 80 µM. Following treatment for 24 h, the cells were collected and washed with PBS. The cells were centrifuged at 1,000 x g for 5 min; the cell pellets were then resuspended in radioimmunoprecipitation assay lysis buffer and lysed on ice using ultrasound (200 W for 15 sec). Following centrifugation at 12,000 x g for 10 min, the supernatant fluids were collected and the protein contents of the supernatant were determined using a BCA Protein Assay kit, with the protein samples stored at -20˚C. Subsequently, the protein lysates were separated by performing electrophoresis on a 10% sodium dodecyl sulphate-polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (GE Healthcare, Piscataway, NJ, USA). The membranes were then soaked in blocking buffer (5% skimmed milk) for 2 h. To probe for all the apoptosis-associated proteins, the membranes were incubated overnight at 4˚C with the relevant antibodies, followed by appropriate HRP-conjugated secondary antibodies, and enhanced chemiluminescence detection was performed. Gel-Pro Analyzer software (GelPro32, version 4.0; Media Cybernetics, Inc., Rockville, MD, USA) was used to extract valuable qualitative and quantitative data from the electrophoretic gels to document and store the western blot data. Flow cytometric measurement of intracellular ROS generation. A 2',7'-dichlorofluorescin-diacetate (DCFH-DA) detection kit was used to measure the ROS levels, according to the manufacturer's instructions. Briefly, SK-MES-1 cells were treated with DP at concentrations of 0, 40 and 80 µM. Following treatment for 24 h, the cells were collected, washed in DMEM without FBS and incubated with 10 mM DCFH-DA at a temperature of 37˚C for 15 min. The stained cells were washed and resuspended in 200 µl DMEM. Intracellular ROS mediate the oxidation of DCFH to the fluorescent compound DCF; thus, the generation of ROS was analyzed using flow cytometry.
Statistical analysis. All the data are expressed as the mean ± standard deviation of at least three independent experiments. For statistical analysis, comparisons between results from different groups were analyzed using SPSS software for Windows (version 17.0; SPSS, Inc., Chicago, IL, USA). 
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Comparisons were performed using one-way analysis of variance, followed by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results
DP time-and dose-dependently inhibits SK-MES-1 cell growth.
DP (Fig. 1A) is a synthetic analogue of the antimicrobial anthocyanin red pigment dracorhodin, a compound isolated from the exudates of the fruit of Daemonorops draco (9) . The antiproliferative effect of DP on SK-MES-1 cells was determined by performing an MTT assay. Treatment with DP for 24 and 48 h reduced the cell viability in a time-and dose-dependent manner (Fig. 1B) . The IC 50 values were ~50 and ~30 µM following treatment for 24 and 48 h, respectively. Thus, 24-h treatments with 40 and 80 µM DP were selected for the subsequent experiments.
DP induces G 1 /G 0 phase arrest in SK-MES-1 cells.
Cell cycle arrest is one of the major causes of cell growth inhibition. Therefore, the induction of cell cycle arrest was analyzed using PI staining and flow cytometry. The results demonstrated that DP treatment caused significant cell cycle arrest at the G 1 /G 0 phase in a dose-dependent manner (P<0.05; Fig. 1C and D) . Fig. 2A and B) . DNA fragmentation is an important characteristic of apoptosis that can be clearly identified using Hoechst staining (19) . Consistent with the aforementioned results, treatment of the SK-MES-1 cells with 40 and 80 µM DP for 24 h resulted in a marked increase in nuclear fragmentation (Fig. 2C) . Thus, the current data demonstrated that DP can induce apoptosis in SK-MES-1 cells in a dose-dependent manner.
Effect of DP on the expression of major cell cycle and mitochondrial apoptosis regulators.
To elucidate the molecular mechanism underlying G 1 /G 0 phase arrest mediated by DP, the protein expression levels of various major cell cycle regulatory proteins (p53 and pRb) were detected by performing To investigate the rate of mitochondrial apoptosis in SK-MES-1 cells, western blot analysis was performed to determine the effect of DP treatment on the protein expression levels of various major mitochondrial apoptosis regulatory proteins (Bax, Bcl-2, caspase-3, PARP and AIF; Fig. 3B ). The Bax/Bcl-2 expression ratio was significantly increased following treatment with DP (P<0.05), accompanied by activation of procaspase-3 and cleavage of PARP in a dose-dependent 
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manner. In addition, the expression of AIF was significantly increased following treatment (P<0.05), possibly due to the increase in mitochondrial permeability, resulting in the release of AIF from the mitochondria into the cytosol. These results indicate that DP can induce apoptosis in SK-MES-1 cells via the mitochondrial pathway.
DP causes disruption of the MMP in SK-MES-1 cells.
Depolarization of the MMP is a characteristic feature of apoptosis; therefore, the effects of DP on the MMP of SK-MES-1 cells were examined by flow cytometry using Rhodamine 123 staining. The results demonstrated that the MMP was significantly decreased from 96.38% (control group) to 73.71 and 58.10% in cells treated with 40 and 80 µM DP, respectively (P<0.05; Fig. 4A ). These results indicate that dissipation of the MMP may be one of mechanisms through which DP induces apoptosis.
DP induces increased generation of ROS in SK-MES-1 cells.
Intracellular ROS generation in SK-MES-1 cells was evaluated by flow cytometry using DCFH-DA (Fig. 4B) . The ROS level in SK-MES-1 cells treated with 40 and 80 µM DP was significantly increased from 7.35% (control group) to 33.72 and 55.19%, respectively.
Discussion
A number of studies have recently identified that DP has a broad spectrum of cytotoxicity towards various human cancer cell lines of different origins (11) (12) (13) . In the present study, DP was demonstrated to significantly inhibit the growth of SK-MES-1 human lung cancer cells in a dose-dependent manner.
Cell cycle regulation and apoptosis are considered to be major causes of cell growth inhibition (20) . The cell cycle is controlled at different checkpoints. These checkpoints ensure that specific processes have been precisely completed at each stage of the cell cycle before allowing progress to the next phase of the cycle. The loss of key checkpoints is a characteristic of cancer cells that results in anomalous proliferation and the promotion of oncogenic transformation (21) . The results of the current study indicated that the treatment of lung cancer cells with DP induced G 1 /G 0 phase arrest in a dose-dependent manner.
In addition to cell cycle arrest, DP exhibited a cytotoxic effect in the present study, inducing apoptotic cell death in lung cancer cells. These apoptotic effects are consistent with the results of a number of previous studies, which observed that DP inhibited abnormal proliferation by the induction of apoptosis in various types of cancer cells, including melanoma, gastric cancer and prostate cancer cells (11, 12, 22) .
p53 is an important factor in the regulation of cell cycle progression, checkpoint activation, apoptosis and repair of DNA damage (15, 23, 24) . Once activated, p53 can activate its downstream transcription factor, which can form complexes with cell cycle-dependent protein kinase and inhibit the activity of Rb protein. Rb is critical in the G 1 /S phase transition, regulating the expression of genes necessary for cell cycle progression (25) . The present study determined that treatment with DP significantly upregulated the p53 protein expression levels. This upregulation was accompanied by a significant decrease in the protein expression levels of pRb. These data indicated that DP may disrupt cell cycle progression via the activation of p53 and the inhibition of Rb.
The p53 tumor suppressor is crucial for regulating the expression of various genes that mediate apoptosis. Furthermore, it is well-established that p53 activates apoptosis via the regulation of mitochondrial integrity, resulting in the release of downstream cytokines and, ultimately, the activation of caspases (15, 23, 24) . The Bcl-2 protein family is a well-known family of apoptosis regulating proteins that act via the mitochondrial pathway. This family includes anti-apoptotic proteins, such as Bcl-2, and proapoptotic proteins, such as Bax (17) . These proteins function together to regulate mitochondrial membrane permeability and modulate the release of apoptogenic proteins that promote cell death (26) (27) (28) . In the present study, the expression levels of proteins involved in the mitochondrial pathway were detected by western blot analysis. The current data demonstrated that the expression of Bax significantly increase, while the expression of Bcl-2 significantly decreased, indicating that DP may induce apoptosis via the mitochondrial pathway.
An increase in mitochondrial permeability can result in the release of proapoptotic molecules, leading to the activation of other downstream caspases and, ultimately, the activation of caspase-3 (29-31). Caspases play a key role in the process of apoptosis and frequently catalyze the specific cleavage of numerous pivotal cellular proteins (18) . For instance, the cleavage of PARP, which is a DNA repair enzyme, is performed by caspases, in particular caspase-3, and is the hallmark of apoptosis (18, 32) . The data presented in the current study clearly demonstrated the cleavage of PARP following treatment with DP. These results indicate that the intrinsic mitochondrial-mediated caspase activation pathway is involved in the DP-mediated apoptosis of SK-MES-1 cells.
Dysfunction of the mitochondrial membrane allows the release of AIF from mitochondria into the cytosol. AIF is a mitochondrial intermembrane flavoprotein that can induce apoptosis in a caspase-independent manner. AIF condenses chromatin and fragmented DNA in order to trigger programmed cell death (33, 34) . Previous studies have indicated that AIF is required for cell death following certain cell stresses (33, 34) . This has been clarified by the injection of anti-AIF antibodies or knockout of the AIF gene, which alleviated the progression of apoptosis (33, 34) . The current study demonstrated that treatment with DP significantly increased the expression of AIF, indicating that DP may partially induce the apoptosis of SK-MES-1 cells via a caspase-independent pathway.
Increasing the expression of Bax appears to result in increased mitochondrial membrane permeability and dissipation of the MMP (35) . Flow cytometry data obtained in the present study supports this hypothesis, with a significant reduction in MMP observed in the treatment group cells. Thus, the results of the current study indicate that DP treatment may disrupt the integrity of mitochondria by increasing the Bax/Bcl-2 ratio.
A number of studies have indicated that ROS are downstream mediators of p53-dependent apoptosis. However, ROS may transmit a signal for apoptosis as opposed to being a consequence of the cellular changes accompanied by apoptosis (36), as p53 affects the mitochondrial apoptotic pathway and mitochondria are the major target of ROS. In addition, ROS generation may alter the redox status of cells, thus, altering the sensitivity of cells to apoptotic stimuli and ultimately triggering subsequent apoptotic events (37) (38) (39) (40) . In the current study, DP treatment significantly increased the generation of ROS in SK-MES-1 cells. Our future studies will aim to summarize the association between the current findings, and the cell cycle and apoptosis. Understanding the specific mechanism of ROS generation may provide a novel method for the development of therapeutic agents that are capable of selectively inducing apoptosis in healthy or neoplastic cells.
In conclusion, the current study revealed that treatment of SK-MES-1 cells with DP induced: Mitotic arrest; caspase-dependent apoptosis via an increase in the Bax/Bcl-2 ratio and caspase-3 expression, causing cleavage of PARP; and caspase-independent apoptosis via an increase in AIF expression. Therefore, DP may be a potential compound for the development of future lung cancer therapeutic strategies.
